INTRODUCTION
Recent studies in functional MRI have shown slowly varying timecourse fluctuations in resting state data that are temporally correlated between functionally related areas. These low frequency oscillations (Ͻ0.08 Hz) seem to be a general property of symmetric cortices, and have been shown to exist in the motor, auditory, visual, and sensorimotor systems, among others (Biswal, 1999; Lowe, 1998; Xiong, 1999; Hyde, 1999 , Cordes, 2000 . Thus, these fluctuations agree with the concept of functional connectivity: a descriptive measure of spatio-temporal correlations between spatially distinct regions of cerebral cortex (Friston, 1993) . Several recent studies have further shown decreased lowfrequency correlations for patients in pathological states such as callosal agenesis (Lowe, 1997) or cocaine use (Li, 2000) . Thus, low frequency functional connectivity is potentially important as an indicator of regular neuronal activity within the brain.
Multi-echo studies have shown the ability to quantify T* 2 and I 0 values during functional studies (Gati, 1997; Speck, 1998; Posse, 1999) . Changes in the initial signal amplitude (I 0 ) arise from inflow saturation effects or hardware instability, while changes in the transverse relaxation time (T* 2 ) directly measure the BOLD-related signal change (during task activation). Thus, separating functional connectivity into its T* 2 and I 0 dependencies is a potential indicator of its BOLD origins.
BOLD percent signal change has a linear dependence on echo time, to first order (Menon, 1993) . In a recent study, we demonstrated that some functional MRI noise components can also have echo time dependencies (Peltier, 2000) . While signal drift and respiration effects are largely echo time-independent, cardiac effects can have a significant echo time dependence, perhaps due to pulsatile flow. This echo time-dependent source of signal variation can reduce the detection of "true" activation. Characterization of the echo time dependence of functional connectivity is therefore also important to evaluate these correlated fluctuations as a potential confound in functional MRI.
The present work seeks to ascertain the T * 2 characteristics of the low frequency fluctuations and compare them to those of "normal" BOLD activation. A multiple echo time acquisition pulse sequence was used to acquire task and resting state data sets, which were then used to form T* 2 and I 0 data sets. Correlation maps of both task activation and resting state functional connectivity were analyzed to compare the echo time dependence of BOLD task activation and the "spontaneous" low frequency oscillations.
METHODS

Acquisition
A series of multi-echo fMRI experiments were performed on a 1.5 T Signa-LX scanner (GE Medical Systems, Milwaukee, WI) using a modified spiral acquisition. The sequence implemented a spectrospatial excitation pulse containing four refocused spiral echoes with 20.48 ms spacing. An initial TE of 7.7 ms was used, to give echo times of 7.7, 28.18, 48.66 , and 69.14 ms. Pulse sequence parameters were TR/FA/Slice thickness of 520 ms/45°/5 mm. A 20-cm FOV was ac-quired, with a 56ϫ56 matrix size, yielding a nominal in-plane resolution of 3.6 mm 2 . Five axial slices were acquired in each TR, with a total of 400 vol being collected. Six subjects were studied under conditions of activation and rest. Four sets of data, two task sets, and two resting state sets were acquired for each subject. To minimize the effect of possible attentional and/or physiological changes on the data, one set of resting data was acquired before and one set after the two sets of activation data for each subject. A sequential finger-tapping motor paradigm (20.8 s fixation, 20.8 s task, 5 repeats) was implemented for the activation data, with subjects performing one-handed finger-tapping with their dominant hand. The paradigm cues were visually presented to the subjects using IFIS (Integrated Functional Imaging System-Psychology Software Tools, Pittsburgh, PA). Resting state data were acquired while the subjects were inactive (lying still, with visual fixation cross being presented), and matched to the duration of the activation data. The cardiac rhythm of the subjects was recorded during all runs using a pulse oximeter.
Postprocessing
Motion detection was performed on all data in order to detect gross head movement. This analysis was performed using 3-D rigid-body registration in AIR (Automated Image Registration) (Woods, 1998) . Following prior work (Lowe, 1998; Cordes, 2000) , a cutoff of 0.4 mm was used for displacement in x, y, or z. One subject exceeded this motion threshold and was excluded from the study. The data of the remaining five subjects was then analyzed using the unregistered data, to avoid the introduction of artifactual spatio-temporal correlation through the motion correction process (Lowe, 1998) .
A method of systematic noise removal was employed on all data following acquisition. Linear trends were removed from the data, to eliminate the effect of gross signal drifts, which are ostensibly due to scanner instabilities or gross physiological changes in the subject. Physiological noise variations in the data due to the cardiac rhythms were then removed using the regression analysis method proposed by Hu et al. (1995) . This approach removes the effects of the first and second order harmonics of the externally collected physiological waveforms. Furthermore, any cardiac signal energy below 1.84 Hz (e.g., the primary harmonic) is removed when the low-pass filter is applied (see below). In addition, the timecourse of the highest variance voxel in the sagittal sinus was further used as a regressor (Lund, 2001) , in order to remove any cardiac effects that were not in synchrony with the external cardiac measurement. These noise-corrected data was used for all subsequent analysis.
Applying a mono-exponential model, I ϭ I 0 ⅐ exp(ϪTE/T* 2 ), and using the multi-echo data, T * 2 and I 0 timecourses were calculated for all voxels. The natural log of the magnitude data for each set of echoes was fit to a first-order polynomial, in order to calculate T* 2 and I 0 . The choice of implementing monoexponential fitting versus multiexponential fitting was motivated by the limited number (four) of echoes.
Functional connectivity maps (low frequency timecourse correlation maps) were generated for all resting state data, as follows. First, every timecourse in the third echo (TE ϭ 48.66) of the task activation data sets was correlated with the motor task reference waveform (square wave with 5.2 s of hemodynamic offset) to form activation correlation maps. Seed clusters were then selected for each slice by identifying the block of four voxels containing the highest average correlation coefficient. This method of using seed clusters has been implemented in other functional connectivity studies (Lowe, 1998; Cordes, 2000) . The resting state data was low-pass filtered with a 0.08 Hz cutoff frequency in order to remove the effects of respiration (which typically occurs in 0.1-0.5 Hz) as done in other studies (Biswal, 1999; Lowe, 1998; Xiong, 1999; Hyde, 1999 , Cordes, 2000 . The seed cluster timecourses in the filtered resting state data had their linear trends removed and were averaged together to create a single low-frequency reference waveform. This low-frequency reference waveform was cross-correlated with all other low-pass filtered voxels to form functional connectivity maps. This process was performed for all slices in all sets of resting state data.
Analysis
The generated functional connectivity maps were compared to the corresponding task correlation maps and structural images to assess the spatial agreement of the primary and associated motor areas. Qualitative assessment of echo time dependence was investigated using the task activation and functional connectivity correlation maps, for all echo times.
Coincidence maps were formed between the T* 2 -weighted and parameter (T* 2 , I 0 ) maps to quantitate the distribution of functional connectivity between the T* 2 and I 0 resting state correlation maps. For each slice in every resting state data set, the functional connectivity correlation maps for the T* 2 -weighted (third echo, TE ϭ 48.66 ms), T* 2 , and I 0 data were thresholded at a given correlation coefficient (for a range of correlation thresholds from 0.3 to 0.9, with a step size of 0.025). The coincident voxels were then found by taking the intersection of the corresponding thresholded maps (T* 2 -weighted and T * 2 , T * 2 -weighted and I 0 ). The resulting numbers of coincident voxels were summed over all slices and all subjects. Echo time dependence of task activation and functional connectivity was then examined quantitatively by calculating the normalized signal change versus
FIG. 1. (A)
Comparison of the significant activity found in a task activation study (top) and the corresponding resting state functional connectivity study (bottom). The structural overlays are the T* 2 -weighted (third echo, TE ϭ 48.66 ms) correlation maps thresholded at 0.4, 0.35 for task, connectivity, respectively. The waveforms are the averaged timecourses from the seed cluster (indicated by a box) for each data set. The task timecourse has been smoothed by 8 points for viewing purposes; the low-frequency waveform was formed using a 0.08 Hz lowpass filter. (B) Comparisons for a typical slice from each of the five subjects. echo time in both active and resting states. First, the left and right motor cortices were anatomically defined for all slices (Yousry, 1997) . Significant voxels were then selected from the activation data and resting state data. The significant activation voxels were identified as those in the motor cortex contralateral to the exercised hand whose correlation coefficient with the task waveform was Ͼ0.5 ( p Ͻ 10 Ϫ8 ) in the activation exper-
FIG. 2.
Comparison of correlation maps for (A) task activation (upper) and functional connectivity (lower) at all echo times with the T* 2 -weighted data, and (B) with the calculated T * 2 , I 0 data for task activation (upper) and functional connectivity (lower). In (B), the T* 2 -weighted data is taken from the third echo (TE ϭ 48.66 ms) of the multi-echo data.
iments in both the third and fourth echoes. The significant rest voxels were identified as those in the motor cortex ipsilateral to the exercised hand whose correlation with the low frequency reference waveform was Ͼ0.35 ( p Ͻ 0.05) in the rest experiments in both the third and fourth echoes. Two echoes were used to avoid the inclusion of any false positives. The mean and the corresponding reference signal (motor task reference waveform or low-frequency reference waveform) were then fit using least-squares to the timecourses of the selected voxels, for all echo times. Normalized signal change was then calculated as twice the rms signal amplitude of each fit timecourse, normalized by the mean (scaled by ͌ 2 for the low-frequency reference, to account for the sinusoidal-like waveform). A regression analysis using first-and second-order least-squares polynomial fitting was performed on the subject-averaged data to test the potential linear and quadratic echo time dependence of both activation and functional connectivity. Figure 1A shows the activation and low frequency connectivity correlation maps for a typical subject, along with the associated seed cluster timecourses. As shown, the activation correlation map has the expected response to the motor task, with the contralateral motor cortex being significantly activated, and the ROI waveform varying synchronously with the task paradigm. The functional connectivity map also shows activation in the contralateral motor cortex (in addition to the seed cluster), as well as the ipsilateral cortex and supplementary motor areas. This is in agreement with previous functional connectivity studies (Biswal, 1999; Lowe, 1998; Xiong, 1999; Hyde, 1999; Cordes, 2000) . Figure 1B demonstrates this behavior is found across all the subjects.
RESULTS
The task activation and functional connectivity correlation maps were examined at each echo time. In Fig.  2A , a comparison shows that patterns in both the activation and functional connectivity become more significant in later echo times. Conversely, at 7.7 ms, there is virtually no significant task activation or patterns in the functional connectivity map. This behavior is also seen in Fig. 2B , which compares the correlation maps at the third echo time (48.66 ms) with corresponding correlation maps formed from the T* 2 and I 0 timecourses. It is seen that the activation and functional connectivity patterns seen in the T* 2 -weighted maps are also apparent in the T* 2 maps, but not in the I 0 maps. This result is consistent across all subjects.
The coincidence maps of the resting state T* 2 -weighted and T* 2 , and T * 2 -weighted and I 0 functional connectivity correlation maps were examined for the T* 2 and I 0 distribution of the patterns. Figure 3A shows the resultant coincidence maps for the connectivity data of Fig. 2B , using a correlation threshold of 0.35. Significant patterns are seen in the T* 2 coincidence map, whereas the largest grouping in the I 0 coincidence map is the seed cluster. The total coincident voxels found across all subjects and all slices versus correlation threshold are shown in Fig. 3B . It is seen that approximately 50% (or higher) of the voxels in the T* 2 -weighted connectivity patterns are found in the T * 2 maps across all thresholds, whereas the I 0 coincidence is less than 20% (at most). To establish a lower bound on coincident voxels, a random set of data was generated (using Gaussian random noise timecourses with the mean and standard deviation taken from the actual subject data, and smoothed using a Gaussian kernel with FWHM of 1 voxel). Functional connectivity maps were formed (using the same ROIs as the subjects), and The number of coincident voxels between the T* 2 -weighted functional connectivity maps and the T * 2 -weighted (solid), T* 2 (dashed), I 0 (dot-dashed), and random (dotted) connectivity maps versus correlation threshold. the coincident maps calculated. As shown, the I 0 coincidence results do not differ greatly from the random noise coincidence results, especially at thresholds of 0.35 and above. The percentage of coincidence at a correlation threshold of 0.35 for each subject is shown in Table 1 . It is seen that the overall average coincidence is 49% for T* 2 , but only 13% for I 0 .
The normalized signal change results at each echo time (TE) for both the activation and connectivity data sets are shown in Table 2 for each subject, with the result over all subjects displayed in Fig. 4 . It is seen that both the activation and resting state normalized signal change increase proportionally with echo time. Regression analysis on the subject-averaged data found that both activation and functional connectivity have a significant linear dependence on echo time (p Ͻ 10 Ϫ4 for activation, p Ͻ 0.002 for connectivity). No significant quadratic dependence or intercept was found in either case, as shown by the t-scores of the fit parameters. This agrees with the first-order BOLD signal change relationship of:
where R* 2 ϭ 1/T * 2 (Menon, 1993) . Table 3 displays the ratio of the normalized signal change (task over connectivity) for each subject. It is seen that the ratio between task and activation remains largely the same across echo times. This behavior, as well as the ratio magnitude (2.91 Ϯ 0.7 across all subjects), agrees with findings from other studies (Hyde, 1999 (Hyde, , 2001 . Thus, functional connectivity is seen as a potential BOLD-dependent confound that scales with the signal. Note. Percentage of coincidence of T* 2 -weighted functional connectivity patterns with the T* 2 and I 0 functional connectivity patterns. All connectivity maps were thresholded at (r Ͼ 0.35) to form the coincidence. 
DISCUSSION
The correlation map analysis revealed that functional connectivity and task activation signal modulate T* 2 , not intensity (I 0 ) (Figs. 2B and 3) . The significant functional connectivity patterns found in the calculated T* 2 data coincide with 49% of the patterns found in the corresponding T* 2 -weighted data, as opposed to 13% coincidence with the corresponding I 0 data. Regression analysis showed that both are linearly echo time dependent (Table 2 ; Fig. 4) ; this agrees with preliminary results found by Hyde and Biswal, 1999. There are other possible theories concerning the underlying source of functional connectivity, such as synchronized cardiac fluctuations or spontaneous oscillations in cerebral flow, however, these are thought to be less likely. Cardiac noise, while capable of having a complex dependence on TE, was minimized in this study through the use of a rapid acquisition rate, which prevents aliasing of the primary cardiac components into the spectral band of interest, as well as postprocessing to remove the effects of the secondary harmonics. Spontaneous flow oscillations would not be expected to be localized to both motor cortices and the supplemental motor area simultaneously. Also, if functional connectivity had an underlying source different than that of activation, which is known to be a BOLD effect, then their ratio of amplitudes would most likely fluctuate with echo time, and not remain as constant as shown in Table 3 .
Spontaneous spatiotemporally correlated neuronal fluctuations, the presumed source of functional connectivity, are a potential BOLD-dependent source of variance in functional MRI. These fluctuations may exist in both the resting and active states and, from the activation/connectivity ratio results (Table 3) , would introduce a consistent level of variance independent of TE. Since the fluctuations are low frequency, they fall within the frequency band of typical MRI activation, and can thus reduce the statistical detection of activation. As this physiological noise mechanism increases with increasing field strength, these fluctuations will have an increased effect on the contrast-to-noise (CNR) ratio of a study as opposed to other sources of noise (e.g., thermal), and may prove to be a limiting source of noise in functional MRI (Hyde, 1999; Krueger, 2001) .
CONCLUSIONS
This study performed a multi-echo analysis of low frequency functional connectivity in the motor cortex. Motor task activation and resting state data were collected for five subjects. T* 2 and I 0 maps were calculated, and activation and functional connectivity maps were formed for comparison. A regression analysis was also performed to fit the reference signal (task paradigm or low frequency reference waveform) to all data at all echo times to explore the echo time dependence of both task activation and functional connectivity. Functional connectivity is seen to be a T* 2 modulatory effect, as is task activation. Furthermore, both functional connectivity and task activation signal changes are linearly dependent on echo time. Hence, functional connectivity and "regular" task activation both seem to arise from the same BOLD-related origins. Note. Ratios of normalized signal change (task activation over functional connectivity).
